Although rapid formation of a smooth inner surface is important in constructing an artificial vascular graft, a conventional model that uses a biodegradable polymer such as poly-glycolic acid needs long-term culture to form it. In another model, which uses collagen gel, it is reported that prompt formation of the smooth inner surface was achieved. But the mechanical properties were not suitable, resulting in rupture under high pressure at the arterial level. Therefore, we propose a new artificial vascular graft model made of biodegradable polymer, gel, and cells. At first we manufactured an artificial vascular graft (i.d. 5 mm, o.d.7 mm) consisting of poly-L-lactic acid (PLLA) with open pore structures by using gas-forming methods. After mixing human normal aortic smooth muscle cells (SMCs) with type I collagen solution, pores of the PLLA scaffold were filled with the mixture. The collagen mixture was made into gel in the pores of the PLLA scaffold, incubating at 37°C. WET-SEM analysis showed that the prompt formation of a smooth inner surface was achieved in the new model. The ratio of incorporation of SMCs into the artificial vascular graft became approximately 100% by using the cell-collagen mixture, whereas only 40% of SMCs were trapped in the conventional model where SMCs were inoculated as a cell-medium suspension. Therefore, it was suggested that the new artificial vascular graft model was superior in smooth inner surface formation and cell inoculation, compared with conventional models using either biodegradable polymer or gel.
INTRODUCTION
poly-glycolic acid mesh, because the polyester has fine mechanical properties (12, 13) . Formation of a smooth Although there is great interest in the exploitation of surface on the artificial vascular graft was important to novel artificial vascular grafts, development of an artifiprevent turbulent flow, because nonphysiological flow cial vascular graft with a diameter smaller than 5 mm has induces arteriosclerosis in blood vessels. Therefore, a not been successful thus far (18, 20) . Many kinds of artifilong-term 5-week culture was needed to form a smooth cial materials have been applied to test prosthetic vascular inner surface in their model. From the standpoint of clingrafts in vivo or in vitro, but almost all materials have ical medicine, rapid formation of an artificial vascular induced thrombogenesis on the material surface (3, 4) . On graft with a smooth inner surface would become advanthe other hand, because thrombogenesis does not occur in tageous in use as a tissue-engineered vascular graft. a native blood vessel in vivo, the development of an artifiIn this article our purpose is to propose a new model cial vascular graft with a structure similar to that of the of an artificial vascular graft that can rapidly form a native blood vessel has attracted the attention of researchsmooth inner surface. We particularly focused on develers in the field of vascular prosthetics.
oping a hybrid-type composite composed of a biodeIn 1986, Weinberg and Bell first developed an artifigradable scaffold and gel. cial vascular graft composed of collagen gel, bovine aorta endothelial cells, and bovine aorta smooth muscle MATERIALS AND METHODS cells (19), but there was a drawback in that the reconstiCell Culture tuted vascular grafts ruptured with ease under lower pressure conditions at the venous level. Niklason and Human normal aortic smooth muscle cells (SMCs) were purchased from Clontics (MD, USA) and cultured Langer made an artificial vascular graft constructed from cells and a biodegradable polyester, a nonwoven in a basal medium based on a modified MCDB-131 sup- plemented with human epidermal growth factor, human ditions (60 Pa), the surfaces of the samples, immersed in a 4% formalin/PBS solution, were observed without basic fibroblast growth factor, gentamicin, and 5% fetal bovine serum. After reaching confluence, the SMCs any treatment. were harvested with 0.05% trypsin/0.01% EDTA solu-RESULTS tion for inoculating into an artificial blood vessel.
To readily inoculate cells into the scaffold, developPreparation of Artificial Vascular Graft ment of a scaffold with an open pore structure was With Small Diameter needed. We therefore tried to make a PLLA scaffold by using a gas-forming method with ammonium chloride PLLA scaffolds for artificial vascular grafts were particles as a porogen and a gas-forming reagent. As prepared by a gas-forming method with ammonium shown in Figure 1 , development of three-dimensional chloride particles as a porogen and a gas-forming rescaffolds with an open pore structure for an artificial agent (11) . A polymer solution was prepared by dissolvvascular graft was achieved in our experiment. ing PLLA in chloroform at a concentration of 83. 3 To transplant an artificial vascular graft, formation mg/ml. Ammonium bicarbonate salt particulates were of a smooth inner surface was necessary. We therefore added to the PLLA solution (weight ratio of NH 4 HCO 3 developed a new artificial vascular model consisting of to PLLA used was 20:1) and mixed thoroughly with a biodegradable polymer, gel, and cell ( Fig. 2 ). To investispatula. The paste mixture of polymer/salt/solvent was gate whether a smooth inner surface on an artificial vascast into a glass mold with an inner diameter of 7 mm. cular graft was formed or not, the surface was visualized After putting the PLLA paste mixture into the glass by means of WET-SEM. mold, a stick with diameter of 5 mm was inserted into It was found that there were a lot of pores in the the PLLA paste mixture. After removing the glass mold 200-500 µm range on the inner surface of a PLLA scafand stick from the PLLA paste mixture, the PLLA paste fold, as shown in Figure 3A and D. In the model of a mixture was dried at a temperature of 60°C overnight, PLLA scaffold with SMCs and collagen gel, a smooth and immersed in an excess amount of hot water until no surface made by SMCs and collagen gel was confirmed gas bubbles were generated.
after 24 h of fabrication (Fig. 3B, E ), but only a few A 0.39% collagen solution with sodium bicarbonate SMCs were observed on the surface of the PLLA scaf-
fold in a conventional model inoculating SMCs into the sulfonic acid (HEPES, 20 mM) was mixed with SMCs PLLA scaffold as cell-medium suspension. at a concentration of 5 × 10 6 cells/ml for 15 min. After Figure 4 shows photographs of the outsides of artifiinserting a glass stick, the mixture of collagen solution cial vascular vessels. It was found that a PLLA scaffold and SMCs was incubated to make a gel in the pores of made by using a gas-forming method had many pores a PLLA scaffold for 60 min. Cells not incorporated to on the surface (Fig. 4A, D) . In our new model made by an artificial vascular graft were collected in 1.5-ml using the cell-collagen mixture, a smooth surface was tubes, for DNA analysis. For WET-SEM analysis, the formed (Fig. 4B, E) . On the other hand, bare surfaces vascular grafts were incubated for 1 day.
DNA Assay
To evaluate the inoculation efficiency of cells in an artificial vascular graft, the amount of DNA was measured by means of fluorescent dye 4′,6-diamidino-2-phenylindole (DAPI)-fluorometry with calf thymus DNA as a standard (1,14) . Cells not incorporated into the artificial vascular graft were collected in 1.5-ml tubes, washed with PBS, and homogenized. The DNA in the solution was incubated with DAPI solution, and the fluorescence was measured with a spectrophotofluorometer.
WET-SEM Analysis
After a 1-day culture of the artificial vascular graft, the samples were immersed in 4% formalin/PBS solution overnight. To visualize the inner and outer surfaces SM-300, Japan) was used. Under negative pressure con- were observed in a conventional model by inoculating PLLA scaffolds, was a novel one, able to effectively incorporate SMCs into a three-dimensional scaffold. SMCs as cell-medium suspension (Fig. 4C, F) .
To verify whether SMCs could be incorporated into DISCUSSION an artificial vascular graft, DNA amounts were quantified. The number of SMCs incorporated into the artifiIn our experiments, rapid formation of a smooth inner surface was possible by combining a PLLA sponge and cial vascular graft was indirectly estimated. When SMCs were inoculated into PLLA scaffolds as a collagen mixcollagen gel. When only biodegradable scaffolds were used to make an artificial vascular graft, long-term culture, SMCs not incorporated into the artificial vascular grafts after gel formation were not detected (approxiture of cells in the scaffolds was needed (16, 17) . Considering the clinical medicine and industrial aspects, rapid mately 0%) according to the DNA assay as shown in Figure 5 . This means that almost all SMCs inoculated formation of a smooth inner surface is important. If it takes a long time to make the smooth inner surface in into the artificial vascular grafts could be trapped by them.
the artificial vascular graft, considerable expense would be required and the costs for medical treatment and When SMCs-medium suspension (control experiment) was incubated with a PLLA scaffold as a convenhealth care would greatly increase. Furthermore, the risk of contamination of the culture medium by bacteria, tional model, DNA analysis showed that 60% of SMCs inoculated into the PLLA scaffold were not incorporated mold, or yeast, etc., would increase. Therefore, it is thought that our new model incorporating gel, PLLA into the artificial vascular graft (Fig. 5) . This suggests that only 40% of SMCs adhered to and were incorposponge, and cells would become a useful product. On the other hand, attempts (5-10) at manufacturing rated into the PLLA scaffold. It was therefore found that our new model, a combination of collagen gel and artificial vascular grafts of collagen gel and cells had duce and stimulate the remodeling of themselves. In our model incorporating a PLLA scaffold and gel, almost all SMCs inoculated into the artificial vascular graft were already been reported, but there were drawbacks such as weak mechanical properties. In contrast, a higher encaptrapped, whereas a lot of SMCs were detached from the PLLA scaffold in a conventional model inoculating cells sulation ratio of cells to gel was achieved in the artificial vascular grafts, and smooth inner surfaces were rapidly as a cell-medium suspension. Therefore, it was thought that our model induces easily remodeling of the artificial formed. Therefore, our new model could be understood as a complementary model. There was a significant difvascular grafts.
In conclusion, the results of the experiments deference between the ratio of trapped SMCs to those inoculated by using collagen solution (our new model) and scribed above suggested that our model as an artificial vascular graft was a useful one. Furthermore, our that by medium (conventional model). Rapid formation of a smooth inner surface and the development of artifimethod would be able to be applied to other tissues such as an artificial nervous system, an artificial bone, etc. cial vascular grafts with suitable mechanical properties became simultaneously possible in our model. REFERENCES To construct the artificial vascular graft model with gel and a biodegradable polymer, we selected collagen
